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During 1998 and 1999, the FORTE satellite con-
ducted occasional observations of radio-frequency emis-
sions from lightning over the Atlantic Ocean. At the
same time, the Atlantic was reasonably well covered by
a sferics-receiver array operated by the United King-
dom Meteorological Office. Comparison of the two sys-
tems signals indicates that subsets of each dataset rep-
resent correlated observations of the same strokes. The
storms successfully seen in common by the two systems
are primarily over the ocean, with relatively few strokes
over land. Because ”groundtruthing” of lightning over
the oceans is in only a primitive stage, we will present
the characteristics of the strokes and flashes observed
in common by these two systems, and in particular the
differences from our prior experience with RF/sferic
correlations between FORTE and NLDN.
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The Fast On-Orbit Recording of Transient Events
(FORTE) satellite is a joint Los Alamos National
Laboratory (LANL) and Sandia National Laboratories
(SNL) experiment that was launched into a nearly cir-
cular low-earth orbit on August 29, 1997. The pay-
load consists of broadband Very High Frequency (VHF)
receivers and a two-sensor Optical Lightning System
(OLS). One of the OLS sensors, the Lightning Loca-
tion System (LLS), is a narrow band (777.6 nm + 0.5
nm) 128 x 128 pixel charge coupled device (CCD) array
that is autonomously triggered, and provides imaging
and geolocation of lightning events to within a pixel
size of 10 km x 10 km.

This paper presents a data-clustering algorithm
which uses FORTE LLS event locations to both
(a.) discriminate between lightning and energetic-
particle/glint events and (b.) identify regions of high
event density that are associated with storm activity.
In addition to the utilization of basic statistical and
data-clustering techniques, data driven thresholds are
employed in the identification of probable storm re-
gions.

The application of automatic data discovery and
analysis techniques allows for an efficient, flash/storm-
level analysis of the more than 30 million events
recorded by FORTE LLS, including a statistical char-
acterization of seasonal, diurnal, and geographical vari-
ations in lightning and storm activity.
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During the STEPS 2000 experiment, the Fast On-
Orbit Recording of Transient Events (FORTE) satellite
passed over a thunderstorm which was also within view
of New Mexico Tech’s 3-D Lightning Mapping Array
(LMA). The FORTE pass occurred on June 25, 2000
from approximately 7:52:00 UTC to 7:54:40 UTC. Dur-
ing that time, the PhotoDiode Detector (PDD) aboard
FORTE triggered for approximately 60 events classified
as lightning and the LMA mapped approximately 200
lightning flashes. This paper investigates the relation-
ship between the physical characteristics of the light-
ning channels, as mapped by the LMA, and whether
those flashes were also detected by the PDD. Maximum
height reached by the lightning discharge, horizontal
dimensions of the discharge, flash complexity, and the
length of time for the extended flash are examined.
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The Fast On-Orbit Recording of Transient Events
(FORTE) satellite is a joint Los Alamos National Lab-
oratory and Sandia National Laboratories experiment
that was launched into a nearly circular low-earth or-
bit on Aug. 29, 1997. The payload consists of broad-
band VHF receivers and a two-sensor Optical Lightning
System (OLS). The OLS is comprised of a broadband
(400 - 1100 nm) silicon photodiode detector (PDD) that
collects 1.92 ms records of lightning transients with a
15 us time resolution, and a narrow-band (777.6 nm
0.5nm) 128 x 128 pixel CCD array called the Lightning
Location System (LLS) that provides imaging and ge-
olocation of these events to within a pixel size of 10 km
x 10 km.

This paper presents an overview of the phenomenol-
ogy of the optical component of temporally-coincident
FORTE VHF / FORTE PDD events. In this study,
FORTE VHF data provides lightning type informa-
tion. We discuss the broad correlation between light-
ning type, effective optical pulse width, and peak op-
tical power. We find that in general, negative cloud-
to-ground lightning produces higher peak powers and
lower pulse widths at the detector, and that in-cloud
lightning typically has lower peak powers spanning a
broader range of pulse widths. In addition, a low-
end cutoff of effective pulse widths near 150 microsec-
onds has been observed. The role that lightning source
height, scattering, and temporal source duration play
in this cutoff is discussed.
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About 20 years ago, the first and third authors
presented a paper comparing the optical observations
of lightning from the DMSP Piggy Back Experiment
(PBE) with ground-based manually determined light-
ning ground-strike locations. In one case in 1977 there
were eleven optical events from one satellite pass over
the region of interest for which there were ground-
based data available. In general there were few peri-
ods of overlap because the area covered by the ground-
based research direction-finding systems was limited.
Now, the Photo-Diode Detector (PDD) on board the
FORTE satellite, a cooperative effort between LANL
and Sandia Labs, provides hundreds of optical obser-
vations that are correlated with ground-strike loca-
tion data from the National Lightning Detection Net-
work on every pass over a stormy region of the U.S.
Though in some ways it should not be too surprising
that there are similarities, since the PDD instrument
on the FORTE satellite is very similar to the PBE in-
strument, it has been very interesting to re-visit the
1977 observations to compare what was seen and what
was not seen by the satellite and ground-based systems,
then and now. The characteristics of the optical obser-
vations for which there were no ground-strike data in
1977 are remarkably similar to those of the events at-
tributed to cloud flashes in the FORTE data sets. We
show the power-time histories of the optical observa-
tions then and now.
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Cloud-to-ground lightning data have been analyzed
for the years 1998-2000 for North America (Canada plus
the contiguous United States) for all ground flashes,
positive flashes, the percentage of positive lightning,
peak currents for negative and positive lightning, and
for negative and positive multiplicity. The authors ex-
amined a total of 88.4 million flashes divided among the
three years, 30.6 million (1998), 29.6 million (1999),
and 28.3 million (2000). The highest flash densities,
uncorrected for flash detection efficiency, occur in the
provinces of Alberta and Saskatchewan (1-3 flashes km-
2) in Canada, and along the Gulf Coast and in Florida
(exceeding 9 flashes km-2) in the United States. Maxi-
mum positive flash densities in Canada range from 0.1
to 0.3 flashes km-2 and in the United States, to over
0.7 flashes km-2 (areas in the Midwest, the Gulf Coast,
and Florida).
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The National Lightning Detection Network recorded
over 250 million cloud-to-ground lightning flashes from
1989 to 2000. Analysis of lightning flash density and
polarity reveal significant small-scale geographical vari-
ations. These variations can occur as broad trends over
several hundred kilometers, or as sharp contrasts over
as little as a few kilometers. This study focuses on four
regions of the United States: the Pacific Coast, Rocky
Mountains, Appalachian Mountains, and the Houston
Metropolitan area.

In the Pacific Coastal region, an interesting geo-
graphical variation is found in the percentage of pos-
itive lightning. A higher than normal percentage of
positive lightning discharges (up to five times the na-
tional average) dominates the coastline, but drasti-
cally decreases about a hundred kilometers inland. In
the Rocky and Appalachian Mountains, observations of
lightning flash density reveal two distinct and opposite
patterns, despite similar terrain. Although located at
about the same latitude, the southern Rockies display a
significant increase in flash density over regions of high
terrain, while the southern Appalachians show a signif-
icant decrease in flash density as elevations increase.
Further analysis shows that the pattern in the South-
ern Rockies is a result of a large number of days with
low flash counts, while the pattern in the Appalachians
results from a few large events. The top 5 percent of
lightning producing days accounted for 28.6 percent of
all flashes in the high terrain of Rockies, but 56.9 per-
cent of the total flashes in the Appalachians. Our fi-
nal area of research concerns the lightning enhancement
over the Houston, TX region. Fine scale analysis of this
area suggests two leading hypotheses to explain this
phenomenon. The first explanation is that the com-
plex coastline of Galveston Bay in combination with
the urban heat island alters the wind flow in the Hous-
ton area, initiating new thunderstorms directly over the
city. The second possibility is that pollutants from an
industrial city like Houston can act to increase the elec-
trical charge separation processes within storms.

The culmination of these three studies will lead to a
better understanding of lightning, one of nature’s most
incredible displays of power.
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A recent conceptual model (Smith et al., 2000) re-
lates the cloud-to-ground (CG) lightning polarity of
tornadic thunderstorms to the relative movement of the
storm systems through ridges of near-surface equiva-
lent potential temperature (theta-e; a measure of at-
mospheric instability to moist convection). In order to
test/extend this conceptual model on/to climatological
temporal and spatial scales, we have examined spatial-
temporal distributions of both predominately positive
CG (PPCG, > 50%) and predominately negative CG
(PNCG; > 90%) severe storm events observed over 10
warm seasons (Apr.- Sept., 1989-98) as they relate to
concomitant distributions of near-surface theta-e (com-
puted from NCEP Reanalysis data on a 2.5 x 2.5 Degree
grid). In order to clearly isolate correlations between
theta-e and the spatial distributions of severe storm CG
polarity, only event days with high flash density PPCG
and PNCG events were included in the analysis.

Our analysis suggests that peaks in PPCG domi-
nated severe thunderstorm frequencies generally occur
upstream (west and northwest) of theta-e ridges, either
in the gradient region along what may be a dryline sig-
nature in theta-e, or along the top of theta-e ridges in
regions that are likely still under the influence of po-
lar fronts during Northern Hemisphere summer. Con-
versely, peaks in negative CG-producing severe storms
are located to the southeast of the +CG maxima, closer

to the theta-e ridge axis in higher mean values of theta-
e. This result is broadly consistent with the concep-
tual model developed by Smith et al. (2000). Im-
portantly, the spatial correlation between theta-e and
PPCG/PNCG severe storm events is still noisy, sug-
gesting that other parameters (in addition to theta-e)
are also influencing the location and frequency of severe
PPCG storms.
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Cloud-to-Ground (CG) lightning detected by the
National Lightning Detection Network (NLDN) indi-
cates a relatively high flash density over Houston,
Texas for the twelve-year period 1989-2000. A signif-
icant enhancement of 45% in the flash density is ob-
served compared to the nearby surrounding areas. The
strength of the enhancement varies based on season and
time-of-day, with the greatest increases occurring dur-
ing the summer (58%), and during the 0900-1800 LST
time periods in each season. Observations indicate that
large lightning events (defined as days with > 1,000
flashes in a geographic region that includes Houston
and nearby rural areas) were responsible for the clima-
tological lightning anomaly, and that increased thun-
derstorm initiation was not the most significant cause
of the enhancement. A decrease (-12%) in the percent-
age of positive flashes is observed over the city. Higher
negative median peak currents along the coast and well
into the Gulf of Mexico were also discovered. Several
explanations for our observations are suggested. The
urban heat island and increased cloud condensation nu-
clei (CCN) concentrations, especially from industrial
pollution, are shown to be significant factors in creating
lightning enhancement. Pollution effects are speculated
to cause a change in a thunderstorms charge distribu-
tion, which can affect the polarity of CG flashes. The
potential effect of the nearby coastal Gulf salt water on
the measured peak current is examined.
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Relationships between cloud-to-ground (CG) light-
ning and the excess rainfall that produced the Great
Flood of 1993 have been examined. Kunkel et al. [1994]
have reported that the excess precipitation depths in
the Upper Mississippi River Basin (UMRB) were 85,
70, and 51 mm, respectively, during the months of
June, July, and August, 1993. In the Greater Upper
Mississippi River Basin (GUMRB), these amounts were
70, 107, and 35 mm, respectively, in the same months.
The excess CG flash counts in each month in each of
these regions were obtained from the U. S. National

Lightning Detection NetworkT M (NLDN) by subtract-
ing the average of counts in 1992 and 1994 from the
1993 values. The results show that in the UMRB, there

were an excess of 4.0 x 105, 2.6 x 105, and 4.8 x 105 CG
flashes, in June, July, and August, 1993, respectively,
after correcting for an imperfect network detection ef-
ficiency. In the GUMRB, there were an excess of 8.7

x 105, 10.4 x 105, and 10.5 x 105 CG flashes, respec-
tively, in the same months. The ratios of the precipita-

tion volume to CG flashes in the UMRB were 1.1 x 105,

1.5 x 105, and 0.6 x 105 m3 per CG flash in June, July,

and August, respectively, and 1.1 x 105, 1.4 x 105, and

0.4 x 105 m3 per CG flash in the GUMRB. These val-

ues are remarkably close to the 1.1 x 105 m3 per CG
flash estimated by Petersen et al. [1998] for the summer
season in the mid-continental U.S.
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A zonal analysis of surface pressure observations
has been undertaken to understand previously cor-
related rainfall and mesoscale lightning activity over
the African continent on a five day time scale. The
mesoscale lightning is recorded globally using Schu-
mann resonance methods at a receiving station in West
Greenwich, Rhode Island. The pressure analysis con-
firms the presence of a dominant wavenumber-1 plane-
tary wave, with westward progression, identified ear-
lier by Madden and Julian (1972), a global Rossby
wave with characteristic period near 5 days. The ob-
served phase relationship indicates declining pressure
over Africa when the mesoscale lightning flash rate is
maximum. Other evidence supports the idea that the
wave is causal to the lightning and rainfall variations.
If correct, this hypothesis requires a vertical component
in the planetary wave motion.
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The amplitude of future global warming will de-
pend strongly on how upper tropospheric water vapor
(UTWV) changes in response to greenhouse gas forc-
ings. However, monitoring long-term changes in UTWV
is very difficult, and no single method is in place, or
planned, to deal with this problem. Here we present
evidence showing the close link between regional/global
lightning activity and UTWV variability. Continental
deep convective storms that transport large amounts of
water vapor into the upper troposphere dominate the
variability of global UTWV, while also being the storms
that produce the majority of our planet’s lightning.
Furthermore, integrated regional and global lightning
activity can be continuously observed from a few lo-
cations on the earth’s surface via the Schumann Reso-
nances (SR), an electromagnetic phenomenon in the at-
mosphere produced by global lightning. We have found
that on a daily basis the regional and global UTWV
maxima occur one day after the lightning activity max-
ima. In addition we find a clear 5- and 9-day periodicity
in the lightning and water vapor time series. Observa-
tions of the SR may supply a cheap, convenient method
of studying the long-term variability of global UTWV,
thereby helping us further understand our global cli-
mate system.

URL: http://luna.tau.ac.il/˜colin/
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Aircraft have avoidance criteria for thunderstorms
that are based on flight altitude, atmospheric temper-
ature, and the type of cloud in question. The prob-
lem arises in determining the likelihood that a light-
ning flash will travel a certain distance from a thun-
derstorm and strike an aircraft flying at any given
altitude. Once this determination is made, it will
then be possible to give pilots a probability of being
stuck by lightning at their present altitude and distance
from a storm. The calculations were done using data
from 1997 to present from the Lightning Detection and
Ranging (LDAR) system in place at the Kennedy Space
Center in Florida. Three-dimensional locations for the
individual discharges associated with a lightning flash
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are available from LDAR. The origin of each flash and
the horizontal extent of the lightning were determined
and stratified by origin location, altitude of the outer
limit of the flash, and the temperatures at either end
of the flash. While the results are only valid for the
Melbourne, Florida region, this technique can be ap-
plied to other areas with a network such as LDAR in
place. These preliminary results show promise for im-
proving the ability to avoid lightning strikes to aircraft
in flight.
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Three-dimensional lightning data from the Light-
ning Detection and Ranging (LDAR) system at
Kennedy Space Center were combined with cloud-to-
ground stroke data from the National Lightning Detec-
tion Network (NLDN) from 1997 through the summer
of 2001. The horizontal distance that lightning trav-
els from a thunderstorm to the ground was examined
for this time period and the characteristics of lightning
were examined for the various distances and source re-
gions of the lightning strokes. The primary characteris-
tic was the peak current of the stroke based on the dis-
tance traveled from and altitude of the origin location,
stratified by polarity of the ground stroke. This infor-
mation leads to a better understanding of the mecha-
nisms causing the variations in peak currents as well
as providing additional information for forecasting safe
distances from thunderstorms.
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The performance characteristics of the U.S. Na-
tional Lightning Detection Network (NLDN) have been
evaluated in North-central Florida using the rocket-
and-wire technique to trigger lightning at the Inter-
national Center for Lightning Research and Testing
(ICLRT) at Camp Blanding Florida. Characteristics
related to stroke detection efficiency (DE), flash DE,
accuracy of location, and accuracy of peak current es-
timates were evaluated during the summer months of
1998-2000. Triggered-lightning strokes are similar to
subsequent strokes in natural lightning. Since current
and electromagnetic field waveforms are different for
first and subsequent strokes, the results of this study
may only be applicable to subsequent strokes.

The model-based estimate of flash DE in the test
area is 80-85 percent for flashes with first-stroke peak
currents greater than 5 kA, assuming that all sensors
are fully operational. The expected stroke DE for nat-
ural lightning was in the range of 40-50 percent. The
measured three-year average stroke DE for all rocket-
triggered strokes was 25 percent, including those with
peak currents below 5 kA. Strokes with peak currents
below 10 kA were seldom detected. We will discuss
possible mechanisms for this low stroke DE for rocket-
triggered lightning. The measured three-year flash DE
for all events was 70 percent. One factor that could
produce a flash DE that is lower than modeled val-
ues is the lack of naturally-occurring first strokes that
are thought to be statistically larger than subsequent
strokes.

The median location error, employing the location
algorithm employed since late 1999, varied between 500
and 600 meters over the three years. The model-based
median location error for these same events ranges be-
tween 500 and 800 meters. Regarding peak current esti-
mates, there was significant year-to-year variability in
the degree of correlation between the NLDN peak cur-
rent estimates and the values measured at the ICLRT.
Possible sources of error in the measured and estimated
peak current will be discussed.
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Most of the lightning location systems recently
available require the simultaneous reception of
lightning-generated radio pulses (spherics) at mul-
tiple stations. In this work, we develop a lightning
location system to determine both the direction and
range of a lightning stroke with a single-station obser-
vation of VLF spherics. The technique used here is a
rather classical one, but we try to improve the ranging
accuracy by applying sophisticated signal processing
techniques, and our final goal is to develop a portable
lightning locator.

We observe wave forms of two horizontal magnetic
fields and one vertical electric field of VLF spherics,
each of which usually consists of a couple of sequential
pulses. The first pulse comes directly from a lightning
return stroke, and is used for the direction finding of
the stroke. On the other hand, the second and later
pulses are the multiple reflections of the first pulse in-
side the Earth-ionosphere waveguide. Since the time-
of-arrival (ToA) of each pulse is determined by its prop-
agation path length in the waveguide, by using the ob-
served difference in ToA of two or more pulses, we can
inversely estimate not only the reflection height at the
ionosphere but also the range of the lightning stroke.

By installing the developed system at Kanazawa
University, we have been observing lightning-generated
spherics since April, 2000. Compared with the light-
ning location data provided by a local power company,
preliminary analysis shows that this system can locate
each lightning stroke within several hundred km with a
sufficient accuracy.
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The preliminary design of an optical/acoustical in-
strument is described for making highly accurate real-
time determinations of the location of cloud-to-ground
(CG) lightning. The instrument, named the Light-
ning Optical Camera And ThundEr (LOCATE) sen-
sor, will also image the clear and cloud-obscured light-
ning channel produced from CGs and cloud flashes, and
will record the transient optical waveforms produced
from these discharges. The LOCATE sensor will con-
sist of a full (360 degree) field-of-view optical camera
for obtaining CG channel image and azimuth, a sensi-
tive thunder microphone for obtaining CG range, and a
fast photodiode system for time-resolving the lightning
optical waveform. The optical waveform data will be
used to discriminate CGs from cloud flashes. Together,
the optical azimuth and thunder range is used to locate
CGs and it is anticipated that a network of LOCATE
sensors would determine CG source location to well
within 100 meters. All of this would be accomplished
for a relatively inexpensive cost compared to present
RF lightning location technologies, but of course the
range detection is limited and will be quantified in the
future. The LOCATE sensor technology would have
practical applications for electric power utility com-
panies, government (e.g. NASA Kennedy Space Cen-
ter lightning safety and warning), golf resort lightning
safety, telecommunications, and other industries.
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A portable data-acquisition system has been devel-
oped from off-the-shelf digital components to provide
the capability of making optical and electrical measure-
ments of lightning in conjunction with digital video im-
agery. A Dolch portable PC has been integrated with
a 4-channel A/D card, a GPS time/position receiver,
and a Canon GL1 digital video camera. Radiometric
measurements of the light output are obtained from a
calibrated photo diode, and both fast and slow elec-
tric field waveforms are digitized with 14-bit resolu-
tion at up to 2.5 MHz sampling rates. Video images
are recorded both on tape in the digital camera system
and, if desired, can be streamed in real-time to the PC
via an IEEE 1394 serial bus (“FireWire r©”) at 30 fps,
720x480 pixels per frame. All data streams are “pre-
sampled” to capture features both before and after a
trigger event, and are time-stamped with microsecond
resolution using the GPS receiver.

In post processing, the video frames can be de-
interlaced to double the time-resolution (to 17 ms) and
the fields can be digitally enhanced to suppress any
background light, thereby revealing any faint channel
structures. Current applications of this system include:
1) developing a ground-truth data set for validating the
performance of the LIS sensor, 2) validating the detec-
tion efficiency of the U.S. National Lightning Detec-

tion NetworkTM, 3) quantifying the statistics of chan-
nel development and multiple ground contacts, and 4)
performing basic research on branching processes and
the luminous development of lightning. Examples of
lightning data that have been collected for these appli-
cations will be presented.
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We measured the vector electric field in and around
targets of interest near the Kennedy Space Center,
Florida using a set of six rotating vane electric field
mills mounted on a University of North Dakota Cita-
tion II aircraft. Each mill on the aircraft responds to
the ambient vector field, (EX , EY , EZ ), and the field,
EQ, due to charge on the aircraft. Our goal is to deter-

mine the ”full field” E = (EX , EY , EZ , EQ) from the

column vector of mill outputs m = (m1, m2, m3, m4,
m5, m6). In matrix form, the linear retrieval for the
full field can be written E = Cm, where C is a (4x6) cal-
ibration matrix. To determine C, we first estimate its
inverse M, where M is a (6x4) matrix (and where m =
ME) based on aircraft shape and symmetry arguments.
We then use the Moore-Penrose pseudoinverse to esti-
mate C. If the initial estimates of the mill responses
M are close, the resultant electric field component es-
timates will be dominated by the proper component
with ”contaminations” from the other three (for exam-
ple, EXest = EXtrue + ε1*EY true + ε2*EZtrue +
ε3*EQtrue where ε1, ε2, and ε3 are small). We use

this information to correct the calibration matrix. We
then use the Moore-Penrose pseudoinverse again to cre-
ate a better mill response matrix, M. We correct M for
any known symmetries in the electric field responses of
the mills and continue the iterative process. Once the
iterative process has been completed, the final C matrix
can then be used to determine E for all cases. We also
compare our results to an independent method devel-
oped by one of the authors (Koshak). Although the two
methods involve very different approaches, they achieve
similar results. One advantage of our method using the
Moore-Penrose pseudoinverse is that it is simple to em-
phasize or de-emphasize mills when we calculate the
calibration matrix.
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For nearly two years we observed the electric field at
the surface continually and simultaneously with obser-
vations of temperature, pressure, humidity, wind speed
and direction, rainfall rate and solar insolation at a
remote automated meteorological observing station in
Norman, OK. The electric-field observations were made
with electric-field mills that were cycled on every few
minutes for a period of about 20 seconds, 24 hours a
day, seven days a week for the entire period of time.
We observed a number of interesting patterns in the
observations, some familiar and some not. For exam-
ple, monthly averages of the observations often yield
Carnegie curves, but not always. We noted what ap-
pears to be a sunrise effect on some days. We present
a representative sample of the observations.
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In order to begin to understand how to deal with
data streams from large networks of closely spaced
electric-field meters, we have simulated the growth and
decay of electrified storms over such a network, and
consequently, the spatial and temporal variations of
contours of electric field at the surface. We assumed re-
alistic locations and spacing for approximately 50 sen-
sors based on an existing network of remote meteoro-
logical observing stations. We assumed simple thunder-
storm charge distributions with linear growth and de-
cay of the amounts of charge. We simulated stationary
charge distributions overhead, distributions that moved
horizontally as if advected by a mean wind, and ver-
tically oriented as well as tilted charge distributions.
We also included the effects of CG and IC lightning
discharges. We calculated the electric field at the sen-
sor locations and then interpolated contours of constant
value of the field for each time step. We present some
representative simulations that suggest directions for
future research.
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Over the last few decades, there has been a grow-
ing interest to develop and deploy an automated and
continuously operating satellite-based global lightning
monitor. The resulting unprecedented data set would
be applicable to the commercial and military aviation
communities, and to the regional/global meteorology
and climatology communities. To date, efforts to de-
velop such a system have focussed on the deployment of
optical sensors which can provide cost-effective single-
platform geolocation of lightning events. Recently, we
have presented a proposal to develop a GPS satellite-
based global lightning and severe storm monitor based
on the detection of VHF emissions from lightning. This
presentation concentrates on characterizing the storm-
level climatology of the VHF lightning emissions that
would be detected by such a monitor. Analysis of ex-
isting data sets such as those from the Fast On-Orbit
Recording of Transient Events (FORTE) satellite are
used to show that a GPS-based VHF lightning monitor
would primarily detect narrow (∼ 1µs) impulsive sig-
natures that are associated with narrow bipolar events
(NBEs). These signatures are ubiquitous and are com-
monly associated with strong convective activity.
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Simple calculations and modelling predict that the
lightning frequency f is proportional to the product of
the downward flux of solid precipitation through the
body of the thundercloud and the upward flux of ice
crystals into its anvil.

Calculations indicate that the separation of charge
and associated field development in thunderclouds are
not significantly limited by charge saturation of the in-
teracting hydrometeors: and that the mutual interac-
tions of graupel pellets in the charging zones of thun-
derstorms can significantly enhance electric field devel-
opment, culminating in lightning.

An examination of data from the satellite-borne
Lightning Imaging Sensor and TRMM Microwave Im-
ager indicates that thunderstorms with the highest fre-
quency of total lightning also possess the most pro-
nounced microwave scattering signatures at 37 and 85
GHz. These findings are consistent throughout the sea-
sons in a variety of regimes (12 sites encompassing 5
continents, as well as oceanic measurements), suggest-
ing that global relationships may exist between light-
ning activity and cloud ice contents and/or fluxes.
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A supercell convective storm northeast of Denver,
Colorado on 20 July 2000 was observed by team mem-
bers of STEP2000 project to have a trailing cirrus
plume formation above the anvil. Since the formation
of plumes above thunderstorm anvils may represent a
transport of water vapor (and possibly other chemical
species) from the troposphere to the stratosphere, the
mechanism responsible for this phenomenon deserves a
detailed examination. In this paper, we will report a
numerical model simulation study utilizing a 3-D non-
hydrostatic, quasi-compressible cloud model with de-
tailed cloud microphysics to simulate the evolution of
this storm. We will perform analyses of the dynamic
and microphysical structures of the simulated storm to
identify the mechanism responsible for the plume for-
mation above the anvil. Preliminary results indicate
that the breaking of gravity waves at and above the
anvil level is a strong candidate mechanism for this phe-
nomenon. The shell of the overshooting dome seems to
be the main source of water vapor for the plume, espe-
cially in the mature stages of the storm. The details of
the results will be presented at the time of the confer-
ence.
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Despite general acceptance of the hypothesis that
charge separation in thunderstorms is largely due the
non-inductive ice-ice collision charging mechanism, it
has been difficult to interpret observations of hydrom-
eteor charges in storms in terms of this hypothesis.
In particular, most observations of hydrometeor charge
show no clear trend for larger charges to be found
on larger particles, which presumably have undergone
more collisions. It quite often is observed that the
largest charges are found on smaller particles. Interpre-
tation of the observations is made difficult by chaotic
hydrometeor trajectories in typical thunderstorms, the
presence of lightning, and other complicating factors.
During the Severe Thunderstorm Electrification and
Precipitation Study (STEPS), in the summer of 2000,
observations of several storms were obtained using
multiple Doppler and dual-polarization meteorological
radars, a lightning-leader mapping array, the National
Lightning Detection Network (NLDN) cloud-to-ground
lightning mapper, instrumented balloons and aircraft,
and a mobile mesonet. A special instrument on the air-
craft provided hydrometeor shadow imagery and charge
observations. Using the coordinated observations, it is
possible to isolate regions along the aircraft storm pen-
etration tracks where the developmental history of the
particles observed can be inferred with some certainty.
These regions include updraft, updraft/downdraft tran-
sition, downdraft, trailing stratiform, and below-cloud
base precipitation shafts. Comparisons of the observed
hydrometeor charge distributions are made to those ex-
pected from collision charging. In some regions, obser-
vations conform to expected distributions, and in other
regions, interpretation is less clear.


